In the present work, we analyze the influence of the polarization effects taking place during the course of a 2DIR spectroscopy experiment performed on a molecular system undergoing an intermolecular vibrational energy transfer process. When both donor and acceptor molecules participating in the vibrational energy transfer are embedded in a host solvent, they face rotational diffusion that strongly distorts the resulting 2DIR spectra. It could be expected that the difference between rotational diffusion constants will be of particular interest. For this purpose, the polarization effects are discussed according to the different orderings of the laser-molecule interactions. Next, we study the distortions of the spectra as a function of the rotational diffusion constants of the individual molecules. The knowledge of these polarization effects are relevant to the interpretation of the spectra. Finally, the conclusions reached in this work for a vibrational energy transfer are valid for any other type of third-order optical process performed on the same molecular system.
I. INTRODUCTION
Measurements and subsequent interpretations of the spectra obtained from two-dimensional (2D) or higher multidimensional spectroscopy experiments, are difficult tasks. Under certain circumstances, polarization effects can be an additional and quite effective tool to overcome these difficulties 1, 2 . In fact, polarization has long been used as a spectroscopic tool, but it is especially useful in 2D spectroscopy because the diagonal and cross peaks characterizing 2D spectra arise from a well-defined number and ordering of the pulsed laser fields interacting with the molecular transition dipoles. Therefore, taking advantage of particular combinations of the laser fields, specific processes can be emphasized in the 2D spectra. It can be expected that polarization will play an even more important role in 3D spectroscopy 3 .
Today, these polarization effects became very important in 2D infrared (2DIR) spectroscopy where sequences of polarized laser pulses are used to detect angles between molecular transition dipoles [4] [5] [6] . This emerges as an important tool to monitor the molecular structures. Indeed, these effects have played a major role in developing polarization-selective 2DIR spectroscopy which provides a unique way to analyze rotational dynamics. Among the large number of applications, we can mention the determination of the anisotropy dynamics of both intraconfigurational hydroxyl groups and those hydroxyl groups undergoing interconfigurational H-bond exchange in six-molar aqueous sodium perchlorate 7 . Of course, these investigations of H-bond exchange rely on previous developments in the theoretical description of rotational dynamics in H-bonded solutions, as well as theoretical models of 2DIR spectroscopy 4, 8, 9 . Theoretical models for rotational dynamics originating from librational, diffusive and angular jump motions have been developed and applied to experimental studies of rotational dynamics in water and aqueous solutions [10] [11] [12] [13] [14] [15] . Besides, polarization effects are useful for supressing background signals 16, 17 and even for enhancing cross peaks at the expense of diagonal peaks 18 . This is of particular interest because large diagonal peaks quite often mask weaker cross peaks and suppressing the diagonal peaks provides better resolution of the cross peaks.
From a more fundamental point of view, control over polarization generally leads to improved spectral resolution by suppressing or enhancing the contributions associated with spe-cific pathways in the Liouvillian space according to the relative orientations of the laser field polarizations and dipole moments of the molecular states involved in a particular chronological pathway 4, 5, 16, 19, 20 . Therefore, taking advantage of adequate polarization schemes, physical insights can be extracted by enhancing or suppressing the contributions associated with some elementary processes that can possibly exhibit or cover the relevant information on which we want to focus 21, 22 .
Orientation as well as rotational relaxation dynamics are among the most fundamental characteristics of molecules at surfaces and interfaces. They play an important role in many physical, chemical, and biological phenomena, including molecular mechanisms of energy relaxation, solvation, electron transfer, and many others. What is more relevant to the present work is that when we perform a 2DIR experiment on molecules embedded in a host solvent, for example upon investigating the intermolecular vibrational energy transfer, these effects make the spectra more intricate because rotational diffusion can strongly perturb the optical response of the molecular system under investigation. When rotational motions of the molecules are much slower than the longest time delays required to measure the spectra, rotational motions can be neglected. However, for small molecules, rotational motions can contributes significantly to homogeneous dephasing. Here, the polarization effects can drastically alter the resulting spectra. Consequently, any interpretation of the 2D spectra will require a proper account of the rotational motion undergone by the molecules participating in the energy transfer. Therefore, an average has to be performed over the orientations of the dipoles of all molecules. The resulting 2DIR spectra will be dependent on the magnitude of the rotational diffusion constants of all molecules involved. This is exactly what we want to analyze in the present work.
The paper is organized as follows. Sec. 2 reviews briefly the general expression of the signal intensity valid for the rephasing and non-rephasing directions. Next, rotational diffusion is taken into account to calculate the orientational average of the above-mentioned signal. In Sec. 3, the vibrational molecular model supporting intermolecular vibrational energy transfer is introduced to evaluate the internal dynamics as well as the orientational evolution of the molecules undergoing the energy transfer. Finally, in Sec. 4, numerical simulations are performed to give a quantitative analysis of the polarization effects on the 2DIR spectra of a system undergoing intermolecular vibrational energy transfer.
II. POLARIZATION EFFECTS ON INTERMOLECULAR VIBRATIONAL ENERGY TRANSFER
The purpose of this section is to describe an intermolecular vibrational energy transfer taking place between molecules undergoing rotational diffusion. Due to their respective shapes, the molecules involved in the energy transfer process generally experience different frictions from the host solvent. Since we are interested in the intermolecular energy transfer, the 2DIR experiment involves the dipole moments of two different molecules, which is a typical situation in 2DIR studies. The total vibrational system is therefore composed of vibrational modes Q A and Q B pertaining to molecules A and B, respectively. The lasersystem interaction Hamiltonian is given by
where the notation C.C. stands for the complex conjugate. The symbol A p (t − T p ) stands for the normalized envelops of the three laser pulses defined as A p (t − T p ) = √ γ p exp (−γ p |t − T p |) with p = a, b or c. Any theoretical description of the 2DIR spectroscopy experiment requires the third-order perturbation term of the density matrix with respect to the laser-molecule interaction V (t) 1, 2, [23] [24] [25] [26] [27] . The contribution to the third-order term of the density matrix, ρ (3) (t), relevant to our purpose, takes the form
where the interaction Liouvillian is defined by
with H the free vibrational system Hamiltonian. The matrix elements of the propagator with specific form of the indices G iijj (τ α − τ β ) account for free population evolution if i = j and population transfer if j = i, respectively. Another set of matrix elements, namely G ijij (τ α − τ β ) with i = j account for the evolution of the coherences. The emitted radiation signal along the rephasing phase-matched direction
and the non-rephasing direction k nre = k a − k b + k c are deduced from the third-order term of the polarization
where k s stands for k re or k nre .
Using a local field E lo (t) = A lo (t − T lo ) E lo e −iω lo (t−T lo )+i k lo · r−iΨ + C.C. with Ψ an additional phase, the heterodyne detection is introduced 1,2,28-30 . As usual, the signal field is deduced from the polarization through the expression
With typical experimental conditions of weak signal field intensity and after subtracting the intensity of the local field, the temporal Fourier transform of the total intensity is given by
Then, with the time origin chosen at the center of the last pulse and by assuming clean fast leading edges for the pulses 31 the time integration can be reduced to t ∈ [0, +∞). Finally, the 2D spectra is obtained by performing a second Fourier transform over the delay time
The experimental waiting time is defined as T = min (|T a | , |T b |) according to the prescription by Jonas 32 . The time origin is chosen at the center of the last pulse.
The donor and acceptor of the vibrational energy transfer process are both dissolved in liquid solvent. Therefore, a proper account of the polarization effects requires the introduction of orientational dynamics of the molecular motion. For simplicity, we assume that both the donor and acceptor can be approximated by spherically symmetric molecules having a homogeneous moment of inertia. The collisions between the donor, the acceptor, and the solvent molecules induce angular random walks of the dipole moments which can be modeled by a rotational diffusion equation of motion of the angular probability distribution function
whose general solution for a molecule rotating from one direction Ω α = (θ α , φ α ) to another one Ω β = (θ β , φ β ) during the time interval δt is given by the propagator
This is the dipole propagator required in the following. Then, the complete polarization dependence of the overall evolution of molecules A and B participating in the energy transfer is included in the termÊ lo · µ ρ (3) (t) whereÊ lo stands for the unitary vector along the oscillating local field. We shall expediently call this heterodyne-detected signal using the local field the heterodyne signal. The average over molecular orientations of the heterodyne
or , can be expressed as
Assuming random initial dipole orientations we have P
If there is no correlation between the orientations of the molecules, the propagator can be factorized so that
. Also, owing to the perturbative approach, only one molecule participates in the laser-molecule interaction at a given time and we have if j = k:
where
if molecule k interacts with the laser pulse at time τ q .
In the three-photon process considered in the theory of 2DIR spectroscopy, three photons interact with either of the two molecules involved respectively in different chronological order.
It is important to recall that the procedure of averaging over molecular dipole orientations depends on this chronological ordering of the photon-molecule interactions. Accordingly, we divide all of the processes into four groups so that the Π (t) or = M =I→IV Π M (t) or . The integral in Eq. (II.11) can be simplified in these four cases in respective ways.
In the first case, the three photons interact with the same molecule. The corresponding heterodyne signal takes the form
The second case corresponds to two photons interacting with the same molecule first, followed by the third photon interacting with the other molecule. Then, we have
The third case involves one photon interacting with one molecule followed by two photons interacting with the other. It turns out
Finally, in the last case, three photons interact chronologically with different molecules in turns. In other words, the order is either A-B-A or B-A-B. Thus,
All these quantities are required to evaluate the spectra associated with the energy transfer.
The first one, namely Π I (t) or , is the simplest because only one molecule is involved in the averaging procedure. The scalar product involved in the interaction term can be extracted,
Applying the spherical-harmonics expansion given by relation (II.10) and with the help of the orthogonality relation of the spherical harmonics we get
In Eq. (II.17), we have also assumed a uniformly distributed initial dipole orientation,
. The polarization of the laser field is chosen to be along the Z-axis.
. With these explicit expressions, we shall take advantage of the following integral relations between spherical harmonics:
we obtain, for the first term, the final result
where the notations E p = | E p | and µ = | µ| have been introduced.
Next we evaluate Π II (t) or . Using the previous properties and definitions, integrations
over Ω
0 can be performed. Then, expression (II.14) reduces to
where relations
have been introduced. Now, we perform the integration over Ω (j) 1 using the integral relation
We still have to integrate over Ω
and Ω
2 . To this end, we must specify the molecular transition contributing to the heterodyne signal. If we assumed that the detection focus on a molecular transition of molecule j, we have
which implies in turn that Π II (t) or = 0 if the local field acts on the j-molecule. This result
is not surprising at all because it is well established that the second-order optical response cancels for an isotropic system, which is the case here since the laser field interacts twice with the same molecule. Otherwise, if detection focus on a particular transition of molecule
and performing the integrations over Ω
Then we calculate the third term Π III (t) or . It takes the form
Here, we need to introduce the definitions of the polarization propagators and interaction terms. First, we integrate over Ω 
Similar to the case of Π II (t) or , further simplification is possible. Due to the orthogonality relations of the spherical harmonics, the term E lo · µ (k) does not contribute, while the term
Finally, we evaluate the last term Π IV (t) or . It can be written as
Like in the case of calculating Π III (t) or , we integrate over Ω 0 first. Then, using the definitions and properties of the spherical harmonics we obtain the expression
Equations (II.19), (II.25), (II.28), and (II.31) conclude the influence of the dipolar orientational average when an energy transfer process occurs between two molecules embedded in a liquid solvent. In the following, these results will be applied to emphasize the peculiar role of the polarization on vibrational energy transfer.
III. VIBRATIONAL MOLECULAR MODEL AND DYNAMICS
In the model used in the present work, the material system interacting with the nonlinear optical fields is made of two molecules undergoing vibrational energy transfer. The vibrational states involved may be two anharmonic vibration modes of the donor and acceptor molecules, respectively. They may also be vibrational combination states of individual molecules. For simplicity, the first case will be considered. Thus, the energy transfer takes place between two anharmonic vibration modes Q A and Q B , pertaining to molecules A and B, respectively. The corresponding vibrational Hamiltonian can be expressed as
where B two-molecule system are defined in Fig. 2 . The possible decays between these two-molecule combination states are also presented with the wavy arrows. Specifically, the couplings induced by the interaction Hamiltonian V (t) are represented by the diagram shown in Fig. 3 .
It is worthy of noting that those coupling depicted in Fig. 3 correspond to all of the transitions drawn in Fig. 2 except that the transitions between states 2, 3 and between 7, 8 are not included, and that in Fig. 2 the couplings are bidrectional between initial and final states, while those decays are unidirectional. Then, all the pathways participating in the pressed in a general form:
Several comments would be valuable. First, the superscripts I through IV do not appear in all of the constants A, B, C and K, Q. This is because a given pathway n contributes to only one among the four heterodyne signals. It suffices to specify the pathway n, without requiring any additional label. The constants Q id (n, α, r, q, p), K id (n, α, r, q, p), A id (n, α, r, q, p), The results are given Table I. All these constants are listed in Supplement C according to the molecular sequences involved in the different pathways. Then, by introducing a new set of constants Q (n, α, β, r, q, p) = Q id (n, α, r, q, p) Q or (n, β, r, q, p) K (n, α, β, r, q, p) = K id (n, α, r, q, p) K or (n, β, r, q, p)
A (n, α, β, r, q, p) = A id (n, α, r, q, p) A or (n, β, r, q, p) B (n, α, β, r, q) = B id (n, α, r, q) B or (n, β, r, q) the formal expressions (III.2) can be rewritten as
Q (n, α, β, r, q, p) e K(n,α,β,r,q,p)t e A(n,α,β,r,q,p)τ 3 e B(n,α,β,r,q)τ 2 e C(n,α,β,r)τ 1
Besides, a complete evaluation of these constants requires the description of the free population evolutions satisfying the equation dρ (t) /dt = −Γρ (t). These populations are evaluated through diagonalizing the damping Liouvillian Γ associated with the model introduced in Fig. 1 . It consists of diagonal elements Γ mmmm except that for the ground state Γ 1111 = 0, together with the Γ mmnn terms presented in Fig. 2 . 
From the sum rule Γ mmmm = − n =m Γ nnmm , the various total decay rates can be rewritten in terms of the individual molecular constants shown in Table II .
Expressions of the decay rate constants of the total vibrational molecular system in terms of the individual molecular constants.
We still need the expressions for the transition constants in terms of the individual molecular constants. They are shown in Table III . Notice that the diagonal matrix elements in Eq. (III.5) are given in Table II . Besides, the vanishing matrix elements in Eq. (III.5) are not shown in Table III , for brevity. Finally, the energy transfer constants satisfy detailed balance so that
and are related to the individual rates constants as expressed in Table IV . With the parameters given in Table I through IV, we have all that we need for performing the numerical simulations to illustrate the influence of the polarization on the 2DIR spectra, starting from our analytical results.
IV. NUMERICAL SIMULATIONS AND QUANTITATIVE ANALYSIS OF THE POLARIZATION EFFECTS
In this section, we present numerical simulations that illustrate the influence of the polarization on the 2DIR molecular spectra of a system undergoing vibrational energy transfer.
To this end, the properties of the local oscillator (LO) field involve only in heterodyne detection but not in the molecular and nonlinear optical processes should be kept constant and made as simple as possible. The phase Ψ of the LO field is chosen to be zero. Besides, other environmental factores and the properties of the other laser fields have definite influence on the simulated experimental results, but not on the nature of the effects we are investigating.
Therefore, they are chosen to be rather realistic while suitable for demonstrating the effect under discussion. All laser field amplitudes are normalized to 1 and their pulse durations are equal to 55 fs. The temperature of the system is assumed to be T = 25
The parameters of the molecular system are more substantial but most of them should also be fixed in order to simplify the discussion. The energy levels of the molecules are Tables II, III and IV. All of the dephasing constants are set to γ pd = 3 cm −1 . Finally, in Table V, we summarized the expressions of the dipole moments of the total molecular system in terms of the dipole moments of the individual molecules. Notice that all the other matrix elements not indicated in Table V The simulations presented below enable us to discuss the polarization effects, resulting from the rotational diffusion of donor and acceptor of an energy transfer process, on the 2DIR spectra. We mainly focus our simulations on the frequency range related to the vibrational energy transfer between the two lowest vibrational excited states.
The first set of simulations are shown in Fig. 4 . The three panels in the first row correspond to the cases where the laser field a for the rephasing signal or b for the non-rephasing signal act as the first interaction. The second and third rows are dedicated to cases where they act as the second or the third interactions, respectively. As indicated inside the panels, gradual smoothing of the peak structure can be observed, and this trend is more pronounced for the upper diagonal peak and cross peak. Next, in Fig.5 , we present the 2DIR spectra for increasing waiting times, ranging from 2 to 40 picoseconds. A global decrease of the diagonal and cross peaks with increasing waiting time is observed, as expected. In these four simulation, the rotational diffusion constants are fixed. Therefore, the stronger damping observed in the upper diagonal and cross peaks can only be attributed to the vibrational energy transfer which is more efficient for transition from molecule A to B than that from B to A.
The next thing to further investigate is the dependence of the 2DIR spectra on the rotational diffusion constants of molecules A and B. In Fig. 6 , we present the simulated Fig. 9 . This time, the heights of the lower peaks in Fig. 8 decrease much more rapidly with increasing value of D b than the heights of the upper peaks do. A crossing over of the relative heights can be seen.
V. CONCLUSION
In this work, we have attempted to tease out the influence of the polarization effects on intermolecular vibrational energy transfer. In the case of intermolecular processes monitored with 2DIR spectroscopy, the donor and acceptor molecules usually have different rotational indicate the directions ± k j with j = a, b, c. In the following tables, the 66 pathways were separated into three tables, according to whether the field a or b acts in the first, the second and the third interaction terms. Both rephasing and non-rephasing geometries were considered. Since each pathway contributes to a specific term among those heterodyne signals Π X,IJK (t) or , in the last column, the parameters X and IJK corresponding to that pathway are shown. Notice that X runs from I to IV while the molecular interaction sequences IJK belongs to the set {AAA, AAB, ABA, · · · , BBB, BBA, BAB, · · · }. In all three tables, the second column is the index of the density matrix element of the final sate of the specific pathway. The ninth column is the index of the density matrix element of the initial state.
In all of the pathways studied, the initial states are the same state. In column 8, 6 and 4, system-laser interactions probably change the population or the coherence of the system. In column 8 of row 1, for example, the index 1211 indicates that the photon interrupt the initial population in ground state to form a coherence between the ground state (|1 ) and one of the excited state (|2 ). The processes in column 3, 5 and 7 are propagations of the system itself. In the pathways studied in this work, these are either the sustain of the coherence (say the coherence 21, in column 7 of row 1 of Table. S.I), or the decay of population (say the decay from population 22 to population 33 in column 5 of row 4 of Table. S.I). Thus, in each pathway (row), the state (population or coherence) of the system propagates in time from column 9 to column 8, then to column 7, and so on, until column 2, following the change of the index of the density matrix element. Some of the cells are left empty, if the content of it is the same as the cell above it.
TABLE S.I: Pathways participating in the 2DIR spectrum of the intermolecular vibrational energy transfer with the field a or b acting as the first interaction term. In columns 5 through 9, an empty cell means that its value is the same as the last non-empty cell above it in the same column. Table S .IV equal iω 12 + Γ 1212 + iω a , while in Table S .V all of the pathways have
By separating the pathways this way, it can be seen that A id and B id values of the pathways in the same table also share common terms. In the tables, we explicitly take out the common terms among these values to make the table more concise. These can be easily seen in the tables themselves.
The third through sixth tables of this section are compiled in the same manner, which will be apparent by comparing them to the explanation given to Tables S.IV and S.V in the previous paragraph. C id (n, α, r) = iω 13 + Γ 1313 + iω a . All of the B id (n, α, r, q) constants have common terms −iω q − Γ 1313 , and all of the A id (n, α, r, q, p) constant have a common term −iω p . have C id (n, α, r) = iω 31 + Γ 3131 − iω r . All of the B id (n, α, r, q) constants have common terms iω a − Γ 3131 , and all of the A id (n, α, r, q, p) constant have a common term −iω p . n Q id (n, α, r, q, p) K id (n, α, r, q, p) A id (n, α, r, q, p) + iω p B id (n, α, r, q) + iω q + Γ 3131 C id (n, α, r) = iω 31 + Γ 3131 − iω r . All of the B id (n, α, r, q) constants have common terms −iω q − Γ 3131 , and all of the A id (n, α, r, q, p) constant have a common term iω a .
n Q id (n, α, r, q, p) K id (n, α, r, q, p) A id (n, α, r, q, p) − iω a B id (n, α, r, q) + iω q + Γ 3131 60 −Ξ In Equation (III.2), there are constants accounting for the orientational motion of the molecules. In this supplement, these constants are presented. These constants are arranged into three tables. The grouping is exactly the same as in the first supplement. In other words, they are separated into the three tables according to whether the fields a or b act in the first, the second, or the third interaction term. However, in contrast with the constants presented in the previous section, these orientational constants depend on another parameter β, instead of α, and β may be 1 or 2 for certain pathways n, as explained in the text. Table S.III. n, β Q or n,β,r,q,p K or n,β,r,q,p A or n,β,r,q,p B or
